Oxygen consumption, rectal temperature, and plasma concentrations of glucocorticoids, free fatty acids, and glucose were studied in 5 species of rodents after cold exposure that exceeded their homeostatic capability (7ЊC for 15 min). Adrenocortical responses and metabolic responses (oxygen consumption) to cold were large in 3 solitary, terrestrial species, dwarf hamsters (Phodopus sungorus, P. campbelli, and P. roborovskii) and were minimal in a colonial fossorial species, mole voles (Ellobius talpinus). Bank voles (Clethrionomys glareolus) showed intermediate responses. There were no interspecific differences in mobilization of main bioenergetic substrates (glucose and free fatty acids). Results are interpreted in terms of evolutionary changes of stress: reactivity was positively correlated with the rate of social stimuli and negatively correlated with physically stressful stimuli in the natural environment of the species.
Adrenocortical responses to stressful stimuli show considerable individual variability. The standard deviation of plasma glucocorticoids and genetic component of glucocorticoid variability are greater in laboratory rats under stressful conditions than under nonstressful ones (Markel 1984; Markel and Borodin 1981) . Adrenocortical response to stress in wild populations of rodents varies with space and time. The coefficients of variation for adrenocortical responses to social conflicts and to immobilization in mole voles (Ellobius talpinus) are maximum in the center of the range of the species and decline toward the borders (Moshkin et al. 1991) . In water voles (Arvicola terrestris), adrenocortical responses to different stressors (social conflicts, cold, and starvation) are also characterized by considerable vari-* Correspondent: mmp@eco.nsc.ru ability (Moshkin et al. 1994a ). Stress reactivity of water voles increases after the depression phase of the population cycle and decreases after its peak.
Adaptations to commensalism and domestication are, as a rule, accompanied by a decrease in the hypothalamo-pituitary-adrenocortical response to stress (Belyaev and Borodin 1982; Boice 1973; Ganem 1991; Ganem and Croset 1990) . Adrenocortical reactivity also decreases under artificial selection for tamed behavior (Dygalo et al. 1986; Gulevich et al. 1995; Lankin 1996) . Life span of inbred strains of mice breeding under laboratory conditions correlates negatively with their behavioral and neuroendocrinal responses to emotiogenic stress (Gilad and Gilad 1995) .
Habitat conditions of commensals and domesticated animals are characterized by a high density of conspecifics, frequent contacts with man, and more stabile microcli- matic and feeding conditions than in wild. Under these conditions the ratio of emotiogenic stressors (intraspecific signals and contacts with humans) to physical ones (e.g., cold or malnutrition) is increased. Stress-induced mobilization of the internal bioenergetic resources, exceeding the normal demands of the organism, is one of the main reasons that stress reactions, which are normally adaptive, become pathogenic (Meerson 1981) . Hence, animals with a highly reactive pituitary-adrenal system are less resistant to emotiogenic stressors (Belyaev et al. 1977; Jumatov 1980; Jumatov and Mescheryakova 1990) , including intraspecific conflicts (Shilov and Kamenov 1980) .
In contrast, individuals with a high reactivity to stress possess a greater capacity for mobilization of bioenergetic resources in response to physically stressful situations. Hence, these animals are able to overcome acute deterioration of microclimate, food deficiency, and other physical stressors (Koryakina 1991; Moshkin 1992; Moshkin and Frolova 1989) . In particular, fluctuations of adrenocortical reactivity observed in the population cycle of water voles correlate positively with ability to maintain temperature homeostasis under short-term cold exposure (Moshkin 1992) .
One can suppose that, in a population dwelling in extremely variable climatic conditions, highly reactive animals can gain certain advantages. Indeed, the study of geographic variability of adrenocortical reactions of mole voles to immobilization and social conflict shows an increase of stress responsiveness from north to south (Moshkin et al. 1991) . These geographic changes are in good agreement with the increase in daily and seasonal fluctuations of ground temperatures from north (forest-steppe) to south (border of steppe and semidesert). Thus, the analysis of intraspecific variability shows regular variations of adrenocortical response to stressful stimuli in conjunction with habitat conditions of the population.
A question still remains about interspecific variability in neuroendocrine mechanisms of stress reaction, in particular, how adrenocortical reactivity is affected by emotiogenic as opposed to physical stress stimuli. Many papers have been published on physiological reactions, including adrenocortical ones, in various species (Bradley and Stoddart 1990; Hattingh and Petty 1992; Kreeger et al. 1990; Popova and Koryakina 1981; Sapolsky 1982) . However, almost every research team uses its own approach to model stressful conditions; as a result, it is difficult to use these data for interspecific comparisons of reactivity to stress.
In the present study, we compare adrenocortical and bioenergetic responsiveness of cricetid rodents (Muridae, Cricetinae) with different social structures and from different macro-and microclimates (Table  1) , including mole vole (E. talpinus), bank vole (Clethrionomys glareolus), and 3 spe-cies of dwarf hamsters (Phodopus sungorus, P. campbelli and P. roborovskii). A short cold exposure that exceeded the homeostatic possibilities of the rodents studied was used as a universal stressor for comparison of reactivity to stress. Because the development of stress reaction to cold is accompanied by intensification of energy metabolism (Panin 1983; Selye 1972) , oxygen consumption and levels of the main bioenergetic substrates in blood were analyzed simultaneously with measurement of adrenocortical reactivity.
MATERIALS AND METHODS
Studies on adrenocortical and bioenergetic responses to cold exposure were carried out in July and August 1995. We used dwarf hamsters and bank voles from laboratory colonies of Institute of Problems of Evolution and Ecology, Russian Academy of Science. Dwarf hamsters were offsprings of the individuals captured in Central Asia (P. sungorus from Novosibirsk region, Russia and Northern Kazakhstan, P. campbelli from Tuva and Khakasia, Russia, and P. roborovskii from Tuva). Bank voles were offsprings of the individuals captured in the European part of Russia (Moscow region). Mature hamsters and voles of 3-5 months old were kept singly in cages (30 by 20 by 10 cm) for 2 weeks before and during the experiments on a diet consisting of mixed grains, chopped eggs, milk solids, and green vegetation. Mole voles were trapped in the wild near Novosibirsk, Russia (54Њ36ЈN, 82Њ43ЈE). It is in the northeastern part of the species' range. Captured individuals were kept in the laboratory for 5-10 days before the study. Taking into consideration their colonial way of life, mole voles were housed in groups of 4-5 adult animals (each group formed of individuals captured in the same burrow system) in cages 0.25 m 2 . Mole voles were supplied with carrots, potatoes, and their natural food (rhizomes of Taraxacum officinale and tubers of Flomis tuberosa). Food was given once a day at 1700 h in an amount equal to the individual's weight. Water and nesting material (hay) were supplied ad lib. All species were maintained at natural temperature and photoperiod.
All tests were done from 0900 to 1300 h. The experimental design was as follows: the 1st day-collection of blood samples from intact animals (basal measurements); the 2nd daymeasurement of standard metabolic rate; and 3rd or 4th day-short-term cold exposure and collection of blood sample immediately after the test. Previously it was found that taking small samples of blood does not have stressful effects on hormones and bioenergetic substrates in blood in the 2 days following this procedure.
The standard metabolic rate was measured in a sealed chamber (1.5 l) maintained at 26ЊC. This temperature was chosen as it is within the thermoneutral zone for the majority of boreal murid rodents (Bashenina 1977) . Dry alkali (KOH) was used to absorb carbon dioxide. Oxygen consumption was recorded using a water manometer. The mean of five 5-min measurements was used as a measure of standard metabolic rate for each individual.
Short-term cold exposure in a helium-oxygen (helox) atmosphere was used as a stressful stimulus (Rosenmann and Morrison 1974; Wang 1980) . Individuals were exposed in the chamber, which was maintained at 7ЊC and aerated by a circuit pump, to helox mixture (80:20) from a gas tank. The total volume of this mixture was at least 6 times greater than the chamber volume. After 3 min of aeration, with helox, its supply was stopped, and the gas mixture remaining in the system was circulated through the hermetically closed circuit consisting of the pump, the chamber with the animal, and the container with alkali. This circuit was linked to the water manometer. Oxygen consumption was measured immediately for 1 min and at 5-6, 10-11, and 15-16 min after the helox supply was shut off. Between measurements, the air mixture was enriched with pure oxygen equal in volume to that taken up by the animal. The highest of the 4 values was taken as maximal oxygen consumption.
Oxygen consumption data were adjusted to standard conditions (0ЊC, 760 mm Hg). In our previous study, when mole voles were tested under less severe conditions, oxygen consumption in helox proportionally increased with decreasing ambient temperature to 10-12ЊC and then reached a plateau (Novikov et al. 1996) . None of the species in the current study showed a significant correlation between oxygen consumption and ambient temperature at 6-10ЊC. Therefore, values of oxygen consumption obtained at 7ЊC may be reliably treated as the individual maximum aerobic performance. Immediately af-ter the last measurement the tested individual was removed from the chamber. Before and just after the test, rectal temperature was recorded using a copper-constantan thermocouple with precision of Ϯ0.25ЊC.
Immediately after measurement of body temperature, blood samples (about 250 l) were collected in heparinized Pasteur pipettes via retroorbital sinus puncture. Heparin does not affect the levels of hormones and bioenergetic substrates in blood (Menshikov et al. 1987; Reznikov 1980) . The manipulation took no more than 2-3 min, including measurement of rectal temperature, so the stressful effect of handling was avoided because rise of blood glucocorticoids occurs only 3-5 min after beginning of stress (Filaretov et al. 1988; Kiohisa et al. 1977; Kugler et al. 1988 ). Just after blood was drawn, 100 l was used to measure level of free fatty acids (Koichi and Michao 1965) and 20 l to measure glucose concentration by a glucose oxidase method using commercially available kits (''Novogluc,'' Novosibirsk, Russia). The remainder of the blood was centrifuged (3,000 rpm, 15 min), and plasma was frozen (Ϫ20ЊC) until analysis of glucocorticoids.
Preliminary simultaneous measurements of both glucocorticoids in 4-5 samples from each species showed that plasma of mole voles and bank voles contained corticosterone and only traces of cortisol. In contrast, plasma glucocorticoids of dwarf hamsters consisted mainly of cortisol. Therefore, further assays were carried out only on the prevalent hormone for each species.
Plasma samples were assayed for corticosterone or cortisol concentrations using commercially available radioimmunoassay kits (RIA-B-3 H and RIA-F-3 H, Institute of Endocrine Pathology and Therapy, Russian Academy of Medical Science, Moscow, Russia). A uniform procedure of extraction preceded radioimmunoassay: 3 ml of ethyl ether was added to glass tubes containing 50 l of plasma and vortexed. A 2-ml quantity of the extracts was removed, transferred to new tubes, dried at 37ЊC under vacuum, and 100 l of phosphate buffer (pH 7) was added. Extraction yield, checked for every set of assays using 3 hydrogen-labeled steroids, varied from 85% to 95%. Assay sensitivities, determined from 95% confidence limit of the zero standard, were 0.3 ng/ml for corticosterone and 0.1 ng/ml for cortisol. To determine parallelism, a 5-point, 2-fold dilution series of plasma samples in phosphate buffer was constructed and compared with standard curves of corticosterone or cortisol. These assays were performed separately for each species. There were no significant differences between slopes of standard curves and slopes of lines generated by plasma samples of assayed rodents.
The investigation was carried out on nonreproductive individuals, and we did not find statistically significant effects of sex or age on physiological traits; hence, data from males and females were combined. The comparison of adrenocortical and metabolic responses to stress was made on the basis of the indexes calculated for each of the variables as the individual ratio of the value under stress to the basal value. Parametric methods of paired (Student's t-tests) and group (1-way analyses of variance and least significant difference [LSD] tests) comparisons were used. Results are presented as mean Ϯ 1 SE.
RESULTS
Mole voles and bank voles, both corticosterone-secreting species, showed higher basal levels of glucocorticoids than the cortisol-secreting dwarf hamsters (Table 2) . Dwarf hamsters showed the maximum adrenocortical response to cold. Mole voles and bank voles were characterized by lower stress reactivity (Table 2) .
Cold exposure for 15 min caused a species-dependent decrease in body temperature (Table 2) . Decrease in temperature correlated negatively with average values of glucocorticoid index (Fig. 1) . Dwarf hamsters (P. sungorus) showed the smallest decrease in body temperature (Ϫ6.7 Ϯ 1.3ЊC). In contrast, mole voles and bank volesspecies with low levels of glucocorticoid production after stress-had the largest decrease in rectal temperature (Ϫ16.0 Ϯ 0.6 and Ϫ13.8 Ϯ 1.0ЊC, respectively).
The species differed significantly in their ability to maintain a high level of oxygen consumption under cold exposure. The lowest metabolic rates under cold exposure were found in mole voles. At all time points mole voles differed significantly from other 4 species (P Ͻ 0.05, LSD test). Bank voles showed significantly higher intensity of metabolism than P. sungorus and P. campbelli in the 1st min of the test. The decrease in oxygen consumption to the end of the test in bank vole was much more pronounced than in dwarf hamsters. In the 15 min of cold exposure, oxygen consumption by bank voles was significantly lower than in P. sungorus and P. roborovskii. The latter species differed significantly from other hamsters in the 1st min of the test and from P. campbelli in the 6th min (Fig. 2) . Among species, coefficients of correlation between average values of glucocorticoid index and all estimated metabolic parameters were nonsignificant. The low level of oxygen consumption observed in mole voles and bank voles at the end of cold exposure was not caused by an inability to mobilize metabolic substrates. Cold exposure induced similar increases in the index of free fatty acids production and index of glucose production in all species, except P. campbelli, which had a more pronounced increase in its glucose production index than did the other species (Table 2) .
DISCUSSION
The ability to maintain constant body temperature under cold exposure depends on mobilization of internal energetic sources to ensure an increase in metabolic rate (Khaskin 1975; Yakimenko 1984) . These processes are connected with activation of sympathoadrenal and adrenocortical systems (Huttunen 1972; Kolpakov et al. 1978; Panin 1978; Viru 1981) . Our data demonstrate that these 5 rodent species differ significantly in both adrenocortical and metabolic responses to cold stress. The ability to maintain constant body temperature correlated well with stress reactivity: the highest level of hormonal stress reaction was detected in the species with the largest increase in metabolic rate under cold exposure and with the smallest decrease in body temperature. Similar relationships between adrenocortical and thermoregulatory responses to cold were found in studies of intraspecific variability in other rodent species. Strains of laboratory mice with high levels of adrenocortical reaction to cold were better able to maintain constant body temperature than low-reactive strains of mice (Koryakina 1985) . The adrenocortical responses of water voles to cold correlated with their ability to maintain constant body temperature (Moshkin 1989) .
Our comparison of glucocorticoid indices between cortisol-secreting and corticosterone-secreting species is done with caution as levels of stress-induced increase may depend on the hormone. Metabolic effects of glucocorticoids and ACTH may differ sig-nificantly even within related species that produce the same hormone (Bradley and Stoddart 1990) .
Data from the literature concerning simultaneous measurements of both hormones in the same individual or even in the same species are few. Our own data show that increase of corticosterone and cortisol after immobilization was almost the same in muskrats (Ondatra zibetica) and Siberian zokors (Myospalax myospalax- Moshkin et al. 1994b ). The same result was obtained recently (Place and Kenagy 2000) on freeliving yellow-pine chipmunks (Tamias amoenus). The biological activity of cortisol is 2-to 3-fold higher than those of corticosterone (Heffmann 1970; White et al. 1978) . So one can expect that in cortisolsecreting dwarf hamsters, ''metabolic output'' of adrenocortical response on stress is far more pronounced in comparison with corticosterone-secreting voles species.
Species in the current study have different ecological requirements and social organization structures. Dwarf hamsters inhabit arid landscapes with a continental climate characterized by significant seasonal and daily temperature fluctuations (Spravochnik po klimatu SSSR 1965). A high level of stress reactivity, typical of terrestrial rodents, makes them better able to resist physical stressors (cold, hot, and malnutrition). As mentioned previously, rodents with high levels of stress reactivity tend to be less resistant to intrapopulation stressors, such as social conflict. However, the probability of intraspecific conflict in populations of dwarf hamsters seems to be low because of their extreme territoriality and low population density in nature (Yudin et al. 1979) .
Local density and hence probability of intraspecific conflicts is higher in natural populations of bank voles. This species inhabits temperate forests with a mild climate. Each individual occupies its own home range, which overlaps home ranges of its neighbors (Bashenina et al. 1981b) . Adrenocortical reactions of bank voles to stress and their ability to maintain constant body temperature are less than those of dwarf hamsters.
As a rule, microclimatic conditions for fossorial species are more stable than for terrestrial ones (Ar 1987) . At the site of the mole voles' captures (at a depth of 20 cm), fluctuations of daily soil temperature are almost absent and seasonal ones do not exceed 20ЊC (Spravochnik po klimatu SSSR 1965) . Under these conditions, the need to effectively mobilize energetic reserves in response to an extreme external influence is reduced. Therefore, stress reactivity of mole voles to an acute cold exposure is minimum. Moshkin et al. (1994b) have documented the low stress reactivity of mole voles in comparison with other species. This low stress reactivity may allow mole voles to avoid harmful consequences of social conflict, which are inevitable with their colonial way of life.
Thus, adrenocortical reactions of the species studied to a standard stressor, such as acute cold are well correlated with ecological regularities. Stress reactivity declines with an increase in intrapopulation stressors or with reduction of physical stressors.
